Study Design: Retrospective case analysis. Purpose: We retrospectively evaluated the clinical and radiological outcomes of posterior sublaminar wiring (PSLW) and/or transarticular screw fixation (TASF) for reducible atlantoaxial instability (AAI) secondary to os odontoideum. Overview of Literature: Limited information is available about the surgical outcomes of symptomatic os odontoideum with AAI. Methods: We examined 23 patients (12 women and 11 men) with os odontoideum and reducible AAI. The average age of the patients at the time of the operation was 44.2 years. The average follow-up duration was 4.5 years. Thirteen patients with anterior AAI underwent PSLW alone, while 10 patients with combined (anterior+posterior) AAI underwent PSLW and TASF. An autogenous iliac bone graft was used for all patients. Nine patients complained of neck or suboccipital pain, and 14 complained of myelopathy. Results: Angulational instability (preoperative 18.7°±8.9° vs. postoperative 2.1°±4.6°, p<0.001), translational instability (16.3±4.9 mm vs. 1.8±2.2 mm, p<0.001), and segmental angle of the C1-C2 joint (23.7°±7.2° vs. 28.4°±3.8°, p<0.05) showed significant improvement postoperatively. Neck Visual Analog Scale score (6.2±2.4 vs. 2.5±1.8, p<0.05) and the modified Japanese Orthopedic Association (9.1±3.1 vs. 13.2±2.6, p<0.05) score also improved, with a recovery rate of 51.8%. Among the three patients who developed nonunion and/or wire breakage, one underwent revision surgery with repeat PSLW and was finally able to achieve fusion. The final fusion rate was 91.3%. Conclusions: PSLW and/or TASF provided satisfactory clinical and radiological outcomes in reducible AAI secondary to os odontoideum without significant neurological complications. Our results suggest that PSLW and/or TASF can be considered a viable surgical option over segmental fixation in highly selected cases of os odontoideum with reducible AAI.
Introduction
Os odontoideum is a rare disease that leads to atlantoaxial instability (AAI). Os odontoideum is defined as an ossicle with smooth circumferential cortical margins representing the odontoid process that has no osseous continuity with the body of C2 [1] . The natural history of untreated os odontoideum can show considerable variation, and there is limited information available to make the decision regarding the treatment options. Indication for surgical treatment can simply be the existence of an os odontoideum, in association with occipital cervical pain alone or in association with neurological symptoms and signs [1] [2] [3] [4] . Other factors that help in establishing the need for stabilization and/or decompression include C1-C2 instability, associated deformities, and spinal cord compression. Few studies have reported on the surgical outcomes of symptomatic os odontoideum with AAI. Several techniques have been utilized to stabilize C1 and C2 in os odontoideum patients [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The surgical treatment of patients with C1-C2 instability secondary to os odontoideum is demonstrated to be successful when combined fusion and internal fixation techniques are used. Posterior sublaminar wiring (PSLW) and/or transarticular screw fixation (TASF) have been widely used as surgical options; however, majority of previous studies included only few patients with os odontoideum [5, 7, 12, 14] . Although the numbers are small, rigid C1-C2 internal fixation and fusion (e.g., with transarticular screw, C1-C2 screw/rod construct, or C1 hook/C2 screw construct, etc.) are associated with higher 
Materials and Methods
We retrospectively analyzed 23 patients (12 women and 11 men) who had os odontoideum with reducible AAI, underwent posterior fusion, and were followed up for at least 24 months ( Table 1 ). The mean age at the time of the operation was 44.2 years (range, 5-73 years), and the mean follow-up duration was 4.5 years (range, 2-12 years). Nine patients complained of neck or suboccipital pain, and 14 complained of myelopathy. All the patients with myelopathy showed intramedullary signal change and retrodental reactive lesions (three cystic and 11 fithree cystic and 11 ficystic and 11 fibrocartilaginous lesions) on magnetic resonance imaging (MRI). MRI was performed using a 1.5-tesla Siemens unit (Siemens, Erlangen, Germany) in 14 patients with myelopathy.
The direction of C1-C2 instability was defined as the direction of displacement of the spinolaminar line during flexion and extension ( Fig. 1) . Plain anteroposterior and lateral radiographs were taken before the procedure and at the final follow-up in the upright neutral, flexion, and extension positions. We analyzed the angular instability, translational instability, and segmental angle of the C1-C2
A B Anterior AAI Posterior AAI joint that were measured using a standard tube distance of 6 feet (1.8 m). Angular instability was analyzed using the difference in the C1-C2 angle on flexion and extension lateral radiographs (Fig. 2A) . The degree of translational instability was defined as the maximum distance that the os odontoideum moves in the sagittal plane during flexion and extension (Fig. 2B) . The segmental angle was measured between the line passing through the centers of the C1 anterior and posterior arches and the line tangential to the inferior border of the C2 body on neutral lateral radiograph (Fig. 2C) . The criteria for bone fusion were as follows: (1) difference <2° between the flexed and extended lateral radiographs, (2) formation of a bony bridge, (3) no findings of implant failure, and (4) radiolucency in <50% of the tissue around the implant [16] . All the surgeries were performed by a single senior spine surgeon. Thirteen patients with anterior AAI underwent PSLW alone (Fig. 3) , while 10 patients with combined (anterior+posterior) AAI underwent PSLW and TASF (Fig. 4) . Autogenous iliac bone graft was used for all patients. The surgical procedures were briefly described to the patients. The patients were asked to be in the prone position with the skull fixed with a Mayfield clamp. The neck was positioned to optimize access by providing slight flexion at the occiput while extending the subaxial spine. An attempt was made to reduce C1-C2 articulation during this positioning process. The procedures were assisted with fluoroscopy. A midline incision was made over C1-C2 but extended distally to allow the required drill angulation; the posterior aspects of C-1 and C-2 were fully exposed. Subperiosteal exposure of the C1 arch and C2 posterior elements was performed. Cannulated screws were placed for bilateral transarticular fixation under lateral fluoroscopic guidance [3, 5] . Following screw placement, the Gallie wiring method was used for fixing an iliac bone graft [17] . A postoperative Philadelphia collar was applied for patients who underwent both procedures for 6-12 weeks to facilitate fusion.
The operative results were estimated as per the degree 
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of improvement in the neck Visual Analog Scale (VAS) and the modified Japanese Orthopedic Association (JOA) score with a recovery rate that was established by the JOA to evaluate the operative results in patients with cervical myelopathy [18] . The paired T-test was used to determine statistically significant differences between the preoperative and final follow-up data. Statistical significance was set at p<0.05. This retrospective study was approved by the Institutional Review Board of the Uijeongbu St. Mary's Hospital (e-IRB UC17RESI0145) and informed consent was waived.
Results
The results for the radiographic parameters are listed in Table 2 . Angulational instability, translational instability, and segmental angle of the C1-C2 joint showed significant postoperative improvement. The neck VAS (6.2±2.4 versus 2.5±1.8, p<0.05) and the modified JOA (9.1±3.1 versus 13.2±2.6, p<0.05) score also improved, with a recovery rate of 51.8%. Twenty patients achieved solid C1-C2 fusion successfully; however, three patients (13%) developed nonunion and/or wire breakage. Among them, 
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one underwent revision surgery with repeat PSLW and finally achieved fusion (Fig. 5) . The final fusion rate was 91.3% (in 21 of the 23 patients). One patient experienced vertebral artery injury during TASF; however, this was successfully managed with packing of bone wax (Fig. 6 ). There were no neurological complications in any patient.
Discussion
Atlantoaxial articulation is a unique process. Its full range of motion in the spine is dependent on ligamentous support and the integrity of the odontoid for stability. The etiology of AAI includes trauma, congenital malformations, os odontoideum, rheumatoid arthritis, malignancies, and skeletal dysplasia. Os odontoideum is an anomaly that is defined as an ossicle with smooth circumscribed margins and no osseous continuity with the C2 body [1, 2, 4, 9, 19, 20] . Os odontoideum with AAI can be asymp-AAI can be asympcan be asymptomatic or have several symptoms, including occipitocervical pain alone, myelopathy or intracranial symptoms, or signs of vertebrobasilar ischemia [19] . Clinically, patients experience severe neck pain and myelopathy resulting from craniocervical instability and spinal cord compression. Nine of the 23 patients in our study complained of neck or suboccipital pain, and 14 complained of myelopathy.
Currently, there is limited evidence to support the management standards and guidelines in the treatment of os odontoideum. The surgical techniques used to treat os odontoideum range from sublaminar wiring to segmental screw fixation. The early surgical techniques of Brooks and Jenkins [21] and Gallie [17] described various fusion results. Biomechanically, movement is limited in this type of fusion in extension (strut or bone graft) and flexion (sublaminar wires or transarticular screws). Most advocates of this surgical approach recommend postoperative halo immobilization for three months. These techniques also require a normal posterior arch of C1 and C2 that may not be present in cases of congenital anomalies.
Lowry et al. [22] described a 20% non-union rate with Brooks-Jenkins type sublaminar wiring technique in os odontoideum patients. In order to achieve successful fusion, it is necessary to perform stability reconstruction between C1 and C2 combined with bone grafting. TASF with strut grafts and polyaxial screw fixation reportedly show better fusion rates than the sublaminar wiring technique. Dickman and Sonntag [23] showed a 98% fusion rate with this technique compared to 86% with PSLW in a large series of 121 patients, nine of whom had os odonnine of whom had os odonof whom had os odontoideum. In contrast, Farey et al. [24] showed a 33% non- [24] showed a 33% nonshowed a 33% nonunion rate using the Gallie technique with immobilization versus 100% when using arthrodesis with TASF screws in 27 patients, six of whom had os odontoideum. Several other studies have also shown good fusion with this technique [25] .
PSLW alone was performed in 13 cases, while PSLW and TASF were performed for 10 patients. PSLW alone was used for anterior AAI cases, and PSLW and TASF were preferred in combined AAI cases. We found a 91.3% fusion rate. The neck VAS and the modified JOA score also improved, with a recovery rate of 51.8%. We recommend additional TASF in combined anterior and posterior instability; however, only posterior wiring is sufficient in anterior instability cases if preoperative reduction is possible.
The latest generation of posterior spinal instrumentation is the polyaxial screw-rod system. This approach has been used for atlantoaxial fusion by Harms and Melcher [15] in a series on six os odontoideum patients. Although there appears to be no significant difference in the fusion rates between the transarticular screw and pedicle/lateral mass combinations, the polyaxial screws are secured to the rods, fixation and reduction are achieved. In addition, this system can be used as an alternative to TASF that is unsuitable in cases with a short neck, exaggerated cervicothoracic kyphosis, morbid obesity, or a high-riding vertebral artery. The atlantoaxial joint must be aligned before TASF for achieving good reduction. One of the most important advantages of the polyaxial screw-rod system is that C1-C2 joint reduction can be achieved intraoperatively when preoperative reduction cannot achieved by the intraoperative positioning process. However, os odontoideum is usually reducible by intraoperative positioning only. We can also achieve reduction by simple manual compression of the C2 spinous process in cases wherein reduction is not achieved via intraoperative positioning.
About one-fifth of the patients with craniovertebral junction abnormalities have vertebral artery and/or osseous anomalies; this increases the risk of vertebral artery injury with the TASF technique than with segmental fixation. However, the risk of vertebral artery injury with polyaxial screws appears to be comparable to that reported for TASF, primarily because of aberrant vertebral artery anatomy [26] . In our study, one patient with TASF had vertebral artery injury; this patient was managed with simple packing of bone wax without any neurological complications. A malpositioned screw does not always lead to vertebral injury. Vertebral injury caused by a perforated pedicle screw in the transverse foramen is rare. Sanelli et al. [27] showed that in 34% of the cases, the vertebral artery enters the transverse foramen at C2. There is a relative 'abundance space' for the vertebral artery in the transverse foramen, further, not all violations of the transverse foramen damage the vertebral artery. Yukawa et al. [28] showed that 57 screws were of type 2, and 24 screws were of type 3. There was only one penetration of a probe into the vertebral artery. The type 3 misplacement indicated potential risk for neurovascular injury. Screw placement is sometimes technically challenging owing to the complex anatomic relationships of bony, vascular, and neurological structures. In such cases, segmental fixations lead to injury of the vertebral artery. If the os odontoideum has anterior AAI, only PSLW is sufficient for reduction and bony fusion as our cases without the risk of vertebral artery injury. Our results showed excellent postoperative radiological and clinical results of PSLW in highly selected cases of reducible AAI secondary to os odontoideum. PSLW remains one of the optimal approaches.
This study has certain limitations. First, it is a retrospective case series with a relatively lower number of patients because this pathologic condition is uncommon. Second, we did not employ a control group for comparison, such as patients undergoing C1-C2 polyaxial screw fixation. However, to our knowledge, no previous studies have evaluated more than 20 cases of os odontoideum, especially using the traditional PSLW and/or TASF techniques.
Conclusions
PSLW and/or TASF provided satisfactory clinical outcomes in reducible AAI secondary to os odontoideum, with fusion rates similar to those of segmental fixation, without significant neurological complications. Our results suggest that PSLW and/or TASF can be considered viable surgical options over segmental fixation in highly selected cases of os odontoideum with reducible AAI.
